Summary: Intracellular brain p H was measured with a li p id-soluble, pH-sensitive fluorescent indicator in 16 squirrel monkeys. Eight of these were under halothane anesthesia and eight under barbiturate anesthesia. Mea surements were taken before, during, and after focal in complete ischemia. Brain pH following 3 h of cerebral focal ischemia changed from a normal value of 7.0 to 6.5
Although an intracellular lactic acidosis in areas of focal cerebral ischemia has long been surmised to be a major factor in the pathogenesis of cerebral infarction (Lassen, 1966) , it is only recently that a noninvasive method for reliably determining the ex tent of the shift in intracellular pH has become available (LaManna et aI. , 1978; Sundt et aI. , 1978) . Similarly, there is a significant amount of accumu lated data suggesting brain protection by barbitu rate anesthesia against the injurious effects of isch emia, but no mechanism for this action has been identified (Goldstein et aI. , 1966; Michenfelder and Theye, 1973; Smith et aI. , 1974; Michenfelder et aI. , 1976; Nordstrom and Siesjo, 1978) . It was the pur pose of this investigation to explore these two areas in a proven laboratory model of focal incomplete cerebral ischemia in the squirrel monkey. A consid erable amount of information is available con cerning the microcirculatory (Waltz and Sundt, 1967) , blood-flow (Hanson et aI., 1975) , biochem ical , and pathological alterations (Sundt and Michenfelder, 1972 ) that take place during the evolution of infarction in this spe cies, so that results of this study can be correlated with that data.
It has previously been demonstrated that in vivo (Sundt et aI. , 1978) . The basic technology and instrumentation have been reported previously and will be reviewed only briefly here. Kramer and Pearlstein (1979) have described in detail sources of error en countered with in vivo fluorometric studies. We will not consider them here, as they have previously been monitored with our instrumentation .
METHODS

Animal preparations
Sixteen squirrel monkeys (Saimiri sciureus), weighing between 900 and 1,200 g, were divided into two grou p s of eight each on the basis of the anesthetic used. Eight animals were operated on and then studied under sodium pentobarbital anesthesia, administered i.p. in a dosage of 35 mg/kg. Eight animals were induced with 4% ins pired halothane, operated on under 1.5% halothane, and then studied under 1.1 % halothane. All animals were given 0.15 mg/kg of pancuronium bromide to abolish respira tory efforts and were maintained thereafter on a Harvard respirator.
Catheters were inserted into the femoral artery and vein for monitoring blood pressure, sam p ling arterial gases, and administering drugs. A tracheostomy was placed, and a PE-50 cannula was inserted into the ligated external carotid artery for the delivery of umbelliferone and xenon into the internal carotid artery. The skin, sub cutaneous tissue, and muscle were excised over the right parietal area with the cutting current of a Bovie electro-surgical unit. The underlying bone was removed with a high-speed air drill, and the dura was opened with the aid of the Zeiss operating microscope. The dura was then replaced with a thin sheet of plastic which kept the brain moist and prevented surface oxygenation. The middle ce rebral artery (MCA) was isolated at its origin from the internal carotid artery by an intraorbital approach (Hudgins and Garcia, 1970) . Electroencephalographic (EEG) leads were attached to three screws placed on each side of the animal's skull in the frontal, temporal, and posterior parietal areas.
Data recording
Following the surgical preparation, the animals were moved from the operating table to the microscope stage.
Measurements were taken at P.C02 of 40, 20, 60, and 40 mm Hg by altering the amount of inspired carbon dioxide.
A normal P.coz-cerebral blood flow (CBF) response curve assured that the cerebral vessels reacted appropri ately within a normal blood pressure range and that the brain was not traumatized and was metabolically normal (Lassen, 1966) . Thereafter, the MCA was occluded, and measurements continued for 3 h of focal ischemia and 30 min following restoration of flow until death from airway occlusion. Electroencephalograms were recorded contin uously throughout the study.
CBF -brain pH measurements
Umbelliferone (7-hydroxycoumarin) is a fat-soluble, pH-sensitive fluorescent indicator that is nontoxic and freely diffusible across the blood-brain barrier . Its molecular and ionic forms are both fluorophors, but with different fluorescent charac teristics (Fink and Koehler, 1970) . Thus, it is possible to create a nomogram relating pH to the ratio of the 450-nm fluorescent curves of the indicators from 340 and 370 nm excitation ( Fig. O . The use of this nomogram to measure brain pH, as well as the technique for measuring arterial pH, is illustrated in the analysis of the paired indicator clearance curves in Fig. 2 . Cortical pH in normal brain was determined by choosing four points, 24 s apart, and taking an average of the ratios. Each pH in the animals was determined from these paired individual clearance curves. Each pH measurement in normal brain was ac companied by blood gas studies and by simultaneous CBF measurements. The field of view of the scintillation detector was 1 cm, and the photometric microscope was centered there. The photometric field of view was 80 /-lm in diameter. The technique and instrumentation used in this laboratory for the measurement of CBF in this model have been described previously (Hanson et aI., 1975) .
Artifacts related to an alteration of the pK of the in dicator in a fat-soluble environment, the concentration of the indicator, solvent effect with differential quenching, and changes in the indicator redox potential have been examined extensively in previous studies (Sundt and An derson, 1980) . Effects relating to possible uncoupling by umbelliferone in the concentrations employed have been investigated. It has been shown that Dicumarol as an un coupling agent is a rapid oxidizer (Chance et aI., 1963) ; however, umbelliferone has not been shown to have this effect during the pH determinations in this study, as the NADH baseline fluorescence did not change to an oxi dized level between successive injections of the indicator (fluorescence attributable to NADH did not change be tween injections). CBF was measured by the clearance of a O.I-ml bolus of normal saline containing 200 /-lCi of xenon-133 (total volume of each injectate was 0.3 ml and included 0.2 ml of the solution of umbelliferone). The bolus was delivered into a catheter secured in the right external carotid artery.
[Details of this technique, the isoresponse curve of the detector, and collimation factors have been described previously (Waltz et aI., 1972; Hanson et aI., 1975) .] The I-min initial slope technique was used to calculate CBF and was expressed as mUlOO g/min.
For the initial umbelliferone-xenon clearance curves, the indicators were injected into the internal carotid ar tery via the external carotid catheter, and when they ar rived in the cortex, the MCA was occluded with a mini ature spring clip. Subsequent pH measurements at 30-min intervals were accomplished by injecting umbelliferone i. v. for a period of 2 min. This resulted in ample penetra tion of umbelliferone into the ischemic zone via collateral circulation. Brain pH was calculated at I-min intervals from these clearance curves rather than at 24 s, as in the normal brain, because of the slower washout of the in dicator (Fig. 3) . The method of pH calculation was iden tical to that used for normal brain and described in Fig. 2 .
pH instrumentation
The microspectrofluorometer used for this study was equipped with the following: optics for bright-field illu mination, which permitted low-intensity excitation en ergy; high-efficiency recording from a small avascular (106 /-lm diameter) area of cortex; a high-speed filter wheel with four interference filters, which permitted syn chronization of the emission fluorescent signal at 450 nm with the 340 and 370 nm excitation bands; and an emis sion-recording system containing a high-sensitivity, ther moelectrically cooled photomUltiplier tube attached to a high-efficiency grating monochromator. Fluorescent emission measurements were amplified by a cascaded electrometer amplifier and directed into a photodemo dulator synchronized with the filter wheel (Sundt and An derson, 1980) . The fluorescence washout curves were re corded on a strip-chart recorder. 
where El is the 450-nm emission of umbelliferone from the 370-nm excitation, F1 is the background NADH fluorescence from the 370-nm excitation, E2 is the 450-nm emission of umbelliferone from the 340-nm excitation, F2 is the back ground NADH fluorescence from the 340-nm excitation, and R is the ratio of the emission of the molecular (bottom trace) and ionic (top trace) fluorophors. Therefore, at point A, the arterial spike, the ratio is 0.707 and the pHi (equivalent intra cellular) is 7.330 from the corresponding nomogram. The simultaneous arterial sample pH is 7.335. At point S, the point of entry of indicator into brain, the ratio is 0.479 and the pHi is 7.045. The ratios at points C, D, and E are 0.475, 0.473, and 0.474, respectively. The corresponding pHi values are 7.042, 7.040, and 7.041. Points S, C, D, and E are sepa rated from each other by 24-s intervals. Analyses of points further out on the clearance curve of umbelliferone are less reliable, as a greater portion of fluorescence in this portion of the curve is attributable to NADH and NADPH, and there fore, values here are less reliable. Nevertheless, calculations on these points of the curve appear unchanged from those of points S, C, D, and E.
RESULTS
The correlates investigated in these animals are summarized in Fig. 4 . During partial ischemia from MCA occlusion, the cortical pH in the barbiturate group fell from 6. 98 ± 0. 021 (SEM) control to 6. 75 ± 0. 058 at 30 min and to 6. 46 ± 0. 1 at 3 h. In the halothane group, the pH fell from 7. 0 ± 0. 012 con trol to 6. 67 ± 0. 057 at 30 min and to 6. 22 ± 0. 198 at 3 h. There was no significant difference between the two groups in the brain pH at 30 min of isch emia, but there was a significant difference (0. 05 < p < 0. 10) at 3 h, by Student's t test. Following restoration of flow through the MCA, the brain pH continued to fall in the halothane group but returned to near normal values in the bar biturate group. In both groups the pH fell at death to 5. 90 and 6. 5, respectively. The severity of the EEG change paralleled the reduction in cerebral blood flow and the change in brain pH.
DISCUSSION
Problems related to the delivery of indicator into the area of ischemia, "look-through, " "Compton scatter, " and the nonspatial characteristics of xenon CBF measurements make repeated CBF measurements of regional focal ischemia unreliable in both the clinical and laboratory setting, with this gamma emitter as the indicator (Hanson et aI. , 1975) . However, we were able to perform an initial reliable CBF measurement by injecting the indi cator into the carotid artery immediately before oc cluding the MCA. It has been demonstrated in this laboratory preparation, using krypton-85, a beta emitter, that during the first several hours of isch emia, CBF remains relatively constant as long as there is no change in the peripheral perfusion pressure (Sundt and Waltz, 1971) . The initial CBF in the area of ischemia was found to approximate 15 mlil00 g/min in both the halothane-and barbi turate-anesthetized animals, which is quite consis tent and below the critical flow (flow required to showed very little difference between groups. During cere bral ischemia, brain acidosis was present. However, there was a more marked decrease in pH in the halothane group compared to that of the barbiturate group. During restoration of flow there still was a continued decrease in pH in the halothane group but a marked return toward normal of pH in the barbiturate group. The standard errors for PaC02, ar terial pH, and CBF during occlusion were too small to depict on the graph. t, death by asphyxiation.
sustain normal EEG) reported from other labora tory and clinical studies in both lower animals and humans (Sundt et aI., 1974; Symon et aI., 1975) . The severity of the EEG change corresponded quite closely to the relative reduction in CBF below 15 mlll00 g/min.
Measurements of normal brain pH during the control period correlated well with similar studies in cats and rats. We found brain pH to approximate 7.00 at an arterial pH of 7.35 and to vary with changes in PaC02' This measured pH agrees quite closely with the calculated "equivalent intracellular pH" reported by Siesjo et al. (1972) .
The severe acidosis during focal ischemia was not unexpected, as an accumulation of lactic acid to levels five times normal in animals under barbitu rate anesthesia and ten times normal in animals under halothane anesthesia has been reported in this preparation following 2 h of MCA occlusion J Cereb Blood Flo II' Metahol, Vol. 3, No.4, 1983 (Michenfelder and Milde, 1975) . The greater se verity of this acidosis in the halothane-anesthetized (pH 6.22) than in the barbiturate-anesthetized ani mals (pH 6.46) was consistent with these differ ences in lactate values. Unexpected in our study was a continued deterioration in brain pH to 5.93 after flow had been restored in those animals studied under halothane anesthesia. This did not occur in animals under barbiturate anesthesia, in which the brain pH rose to 6.79 (Fig. 4) . This post occlusion difference in brain pH was highly signif icant (p < 0.005) .
The above difference in pH during the period of ischemia might be explained on the basis of a greater decrease in metabolic rate from barbiturate anesthesia than from halothane anesthesia (Mich enfelder and Theye, 1973 ) and a concomitant de crease in glycolysis. This does not explain, how ever, the further decline in intracellular pH in the halothane group after flow was restored, At this time, a normal cortical oxidation-reduction poten tial (measured by the level of reduced NADH flu orescence) (Chance et aI., 1962) has been observed (Sundt et aI., 1979) . Therefore, the mechanism is probably more than simply a failure in mitochon drial activity.
Obviously, ischemia produces a variety of biomedical changes, and some enzyme systems may be damaged from the acidosis per se, and therefore, one need not hypothesize a selective site for barbiturate protection, Nevertheless, we believe the data from this study, when correlated with that from other work on this preparation, strongly sug gest that barbiturates protect against cerebral in farction by decreasing the degree of acidosis during and following the ischemic event, but the mecha nism for this protection is speculative.
The "postischemic acidosis, " an explanation for "lUXury perfusion" (Lassen, 1966) , is not unlike the "nonhypoxic lactic acidosis" (Howse et aI., 1974; Plum et aI., 1974) observed in seizures. It has been postulated that this is related to an overloading of the mitochondrial hydrogen ion carrier system nec essary for the oxidation of NADH formed in the cytoplasm (Siesjo, 1978) . However, we postulate that this postischemic acidosis is due to damage of these hydrogen ion carrier systems rather than to overloading. The return of NADH to normal with restoration of flow suggests that the cause is not uncoupling of the mitochondria.
Recent work (Mabe et aI., 1983) has demon strated an intracellular alkalosis following recircu lation to areas of forebrain ischemia of 15 min du ration in rats. There are two major differences be tween that study and the one reported here: (1) the period of transient ischemia was only 15 min in the rat vs. the 3 h in the monkeys reported here, and (2) the period of observation following restoration of flow in the rats was 3 h, whereas our period of observation following restoration of flow was only 30 min. It is quite possible that with a longer period of observation, the halothane group would have re turned toward a more normal pH, with an overshoot found by these other investigators.
Although we have postulated that this study in dicates protection for barbiturate anesthesia, it is equally possible that the study has merely demon strated a relative toxicity of halothane anesthesia during ischemia. However, the levels of halothane anesthesia in these studies were far below those in the literature reported to be toxic for this agent (Pierce et al., 1962; Michenfelder and Milde, 1975; Anderson et al., 1980) .
